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Introduction
[2] Raindrops impacting a loose sediment surface can transfer part of their momentum to the sediment grains, whence the grains undergo ''rain splash'' that consists largely of grains being launched into arced trajectories away from drop impact sites. On a horizontal surface grains undergo directionally random displacements during a rain storm in the absence of wind; grain splash distances are determined by the details of the transfer of momentum between drops and grains. On an inclined surface grains collectively experience a net downslope drift in their motions; this downslope drift of grains represents rain splash transport, a process that has received considerable attention in hillslope geomorphology as well as in studies of erosional processes on agricultural lands [e.g., Ellison, 1944; DePloey and Savat, 1968; Carson and Kirkby, 1972; Mosley, 1973; Terry, 1998; van Dijk et al., 2002] .
[3] Rain splash transport has been well documented by field measurements and under simulated rain and wind conditions [e.g., Moeyersons and DePloey, 1976; Kneale, 1982; Singer and Walker, 1983; Nearing and Bradford, 1985; Sharma et al., 1991; Erpul et al., 2002 Erpul et al., , 2003 Gabet and Dunne, 2003; van Dijk et al., 2003; Legout et al., 2005] . Whereas it is accepted that rain splash transport increases with land surface slope, perhaps nonlinearly [Moeyersons and DePloey, 1976] , little is known about the details of the transfer of momentum from drops to grains that contribute to this downslope drift of grains. Herein we describe this momentum transfer process as revealed by high-speed imaging of drop impacts on sand targets under controlled laboratory conditions. We also describe details of grain splash distances obtained from sticky paper surrounding target drop impact sites. These techniques allow us to (1) clarify details of the drop-to-grain momentum transfer; (2) clarify the effects of varying drop size and grain size on the effectiveness of grain splash, and (3) clarify the ingredients of downslope grain drift in relation to surface slope. The work described here is focused on dry sand, although we preview results of initial experiments involving moist sand.
[4] The results of our experiments suggest that the ''splash'' of many grains involves ejection of those surface grains that are accelerated by grain-to-grain collisions ahead of the radially spreading front of a drop as it deforms into a saucer shape during impact. Under dry conditions, grains that become entrained in the spreading fluid front either do not detach from it, or are ejected as wetted clumps of grains. For a given sand size, splash distances are similar for different drop sizes. The number of detached grains, however, markedly increases with increasing drop size. Downslope grain drift consists of two parts: (1) more grains move downslope than upslope with increasing surface slope; and (2) on average grains move farther downslope than upslope. A first-order description of how drop momentum becomes distributed during impact nicely predicts the observed downslope asymmetry in grain numbers and splash distances. The formulation suggests that surface-parallel rain splash transport increases approximately linearly with surface slope.
Experiments
[5] Our experiments involve releasing individual drops from a height of $5 m onto sand targets ( Figure 1 ). The drops are released from a syringe with a blunted needle, where the needle diameter determines the drop size. The drops fall through a PVC pipe, minimizing their lateral ''drift'' due to air currents. Drops of three sizes (diameter D = 2 mm, 3 mm and 4 mm) are released onto the target, which consists of a circular hole with diameter of 2.5 cm and depth of 2 cm drilled into a wooden block. The sand surface is flush with the top of the target hole. We use three grain sizes (fine, medium and coarse quartz sand; diameter d = 0.18 mm, 0.35 mm and 0.84 mm). The experiments involve both dry and moist sand conditions, although we focus here on dry conditions.
[6] We estimate that drop fall speeds W at impact are W % 6.2 m s À1 (D = 2 mm), W % 7.2 m s À1 (D = 3 mm) and W. 7.6 m s À1 (D = 4 mm), or 95%, 89% and 86% of terminal speeds, respectively (Appendix A). The target thickness is equivalent to 24d, 57d and 110d for the coarse, medium and fine sand, respectively. Haff and Anderson [1993] suggest that an aeolian grain with speed of 1 m s À1 impacting a grain surface disturbs the grains to a depth of 7 -8 grain diameters. We suspect that a similar disturbance of grains occurs with the impact of a water drop, perhaps to a depth of $10d or more, so any effect on the surface splash of grains related to propagation of this disturbance is not limited by the target thickness.
[7] To characterize splash distance and azimuthal angle relative to the drop impact position, we place sticky paper with $2 cm diameter holes centered on the 2.5 cm sand target such that the sand surface and paper are flush. The paper traps the splashed sand when it lands. The paper is photographed, then grain positions are digitized for further calculations. To obtain high color contrast between the grains and white sticky paper, we lightly paint the grains. This involves spreading the grains as a sparse monolayer on dry paper, applying a mist of black spray paint on the grains, drying them, spreading the grains again, then repainting them. The drops did not always land in the center of the sand target; therefore those landing near the edge of the target, where we suspected interference with the sticky paper, were omitted from the analysis. In digitizing grain positions, we used the drop impact center (rather than the target center) as the coordinate origin, so some variability in measured grain positions occurs with this procedure.
[8] We performed three sets of experiments. In the first set we used high-speed imaging (500 frames per second) to view details of the drop impacts and resulting grain trajectories for both dry and moist sand conditions, using horizontal and inclined targets. For the moist sand experiments we filled the target hole with sand, saturated it, then allowed it to drain. In addition, we released drops onto a porous stone (at less than terminal velocity) to view how the drops partially infiltrated into the stone during impact. Over the course of the experiments we used two digital monochromatic cameras (Redlake MotionPro; DRS Technologies, Lightning RDT/1).
[9] A second set of experiments involved horizontal sticky paper targets, and all three drop and grain sizes. For each combination of drop and grain size, we applied from two to 10 drops for a total of 37 drops (Table 1) . A third set of experiments involved 3 mm drops applied to sticky paper targets with medium sand inclined at six angles Sand target has diameter of 2.5 cm and depth of $2 cm; experiments with sticky paper involve placing the paper ($2 cm diameter holes) over the sand target such that the sand surface is flush with the paper surface.
(0°, 10°, 15°, 20°, 25°and 30°). For each target angle we applied four to six drops for a total of 29 drops (Table 1) .
Splash Behavior During Impact

Water Penetration
[10] Within the first millisecond (or less) of a raindrop impact on a sediment, water may penetrate the sediment surface [Mihara, 1952] . High-speed imaging reveals that the relative drop-to-grain size ratio, R 0 = D/d, exerts a firstorder influence on this behavior. In our experiments a small drop (D = 2 mm) falling at 95% of its terminal velocity onto coarse sand (d = 0.84 mm) mostly infiltrates without splash, with negligible transfer of its momentum laterally to grains. In contrast, a large drop (D = 4 mm) falling at 86% of its terminal velocity onto fine sand (d = 0.18 mm) rapidly deforms laterally, transferring significant momentum to surrounding grains.
[11] Imaging of drops landing on a high-permeability porous stone similarly reveals qualitatively that small (2 mm) drops lose a significant part of their mass to infiltration with minimal lateral spreading, whereas much of the mass of the large (4 mm) drops accelerates laterally with proportionally less infiltration. Because these drops were released from the same small height of $1 m, they had similar impact speeds ($4 m s À1 , Appendix A).
[12] As the drop decelerates vertically during impact, a dynamic fluid pressure develops at the water-sand interface beneath the drop footprint. The magnitude of this dynamic pressure P $ ( 1 = 2 )rW 2 , where r is the water density and W is the fall speed at impact. In addition, the pressure P may be enhanced locally within the impact footprint by a transient water hammer effect associated with a shock wave initiated at impact [Ghadiri and Payne, 1981] . The pressure P is sustained for a small time interval of order t $ D/W. (As a point of reference, t $ 3 Â 10 À4 s, 4 Â 10 À4 s and 5 Â 10 À4 s for drops with D = 2 mm, 3 mm and 4 mm falling at their experimental impact speeds W.) Air within the pores beneath the water-sand interface is initially at ambient atmospheric pressure. During t, therefore, a sharp vertical pressure gradient occurs within the near-surface sand. This gradient, in concert with a water front that rapidly moves downward into the uppermost pores, displaces pore air downward and outward at a rate limited only by the pneumatic diffusivity of the sand. The advancing water front, in turn, is driven by a pressure gradient that is set by the difference between P and the air pressure beneath, and by the penetration distance x. Assuming pore air is readily displaced, and neglecting possible effects of a shock wave (with estimated duration of 5 Â 10 À5 s [Ghadiri and Payne, 1981] ), this gradient is of order Dp $ P/x $ rW 2 /2x, and the rate of advance is limited by drag between the water and grains.
[13] Assuming a Darcy-like behavior for the penetrating water, dx/dt $ (k/mF)Dp, where k is the permeability, m is the dynamic viscosity and F is the porosity. Following Kozeny [1927] , Carman [1937] , Irmay [1958] , and others [see Bear, 1988, pp. 165-167] , on dimensional and physical grounds the relation of permeability to porosity is specified by
Integration leads to [Hamner, 2005] 
Thus, for a given porosity F, the ratio of penetration distance to grain size, x/d, increases as the square root of drop size D and fall speed W (which are correlated), inasmuch as these set the dynamic pressure P and impact duration t. Note, however, that (2) can be rewritten as
= 2 , which illustrates that, for a given grain size, the penetration distance relative to drop size, x/D, decreases with increasing drop-to-grain size ratio R 0 (Table 2) . With increasing R 0 , less of the drop is absorbed and proportionally more drop mass is accelerated laterally. Conversely, with small R 0 , much of the drop is absorbed with minimal lateral motion, as revealed in the imaging. Typical parametric values suggest that the surface is wetted to only a few grain diameters at most (Table 2) . We note that the assumption of Darcy-like behavior must be viewed as providing order-of-magnitude values of initial penetration given the high speeds involved (wherein fluid drag likely goes as the square of fluid speed), and given that effects related to deformation of the sand medium during t are neglected.
[14] Returning to the drops landing on the porous stone, to order of magnitude, the volume of fluid infiltrating during t is V I $ Fx(p/4)D 2 and the volume of a spherical drop is
= 2 , which differs from the result above for x/D only by the factor (3p/2)F. Thus, for constant d, F and W in these experiments, the proportion of mass lost to infiltration decreases with increasing drop size (and thus R 0 ), as suggested in the imaging.
Drop Deformation
[15] Images reveal that in some of the experiments an irregular high-angle corona-like splash of water occurs immediately after drop impact but before significant grain motions occur. This initial water splash is typically visible only in one frame, with residual droplet motions sometimes visible in a second frame, thus spanning $0.002 s to 0.004 s.
Thus t ] 0.002 s. As a point of reference, our imaging of drops landing at low speed on a porous stone reveals their flattening behavior (see summary by Terry [1998] ). The flattening of drops at higher speed, however, occurs within the period of two successive frames, so 0.002 s or less, consistent with estimates of t above. For sufficiently large R 0 , the drop flattens during impact into a saucer form and accelerates laterally. The central part of the drop experiences the dynamic pressure P with vertical deceleration. This drives the transfer of vertical fluid momentum to the lateral momentum of the spreading fluid saucer and its front. Unlike the deformation of a drop landing on a semirigid surface, which emits a high-angle rebound corona that is possibly associated with a transient shock wave [Ghadiri and Payne, 1981] , our imaging reveals that the lateral motion of fluid spreading on dry sand is largely parallel to the surface. Although not readily visible in the images, one can envision that the spreading fluid, with thinning, experiences a loss of momentum at its base due to a combination of friction and grain entrainment [Terry, 1998 ], simultaneously wetting the surface to a depth of one or two grain diameters. With cessation of outward motion the drop and entrained grains form a small wetted grain ''mat'' that retracts inward due to surface tension.
[16] Drop deformation on an inclined surface is similar. The effect of the slope, however, is to produce a downslope bias in the lateral spreading of the drop associated with the downslope component of the incident impact velocity [Wright, 1986] . As in the experiments involving a horizontal target, small drops falling on coarse sand mostly infiltrate without splash.
[17] An approximate description of the geometry of the drop during impact (and spreading) obtains as follows. Just before impact a drop has fall velocity W with slope-normal component Wcosb and downslope component Wsinb, where b is the surface slope ( Figure 2 ) [see also Wright, 1986] . Let v denote a characteristic radial flow velocity. This surface-parallel velocity derives from a part v N related to the slope-normal component of W and a part v S related to the downslope component of W. That is, v N = ajWjcosbr and v S = ajWjsinbs, where r and s are unit vectors in the radial and downslope directions, respectively, and a is a factor, assumed to be independent of b and W, that characterizes the nonconservative transfer of vertical to surface-parallel momentum during impact [Wright, 1986] . This factor is on the order of 1/3 for drops falling on a thin water film [Allen, 1988] (see also data of Pietravalle et al. [2001] ). The radial velocity v is the vector, v = v N + v S (Figure 2 ). Let V = jvj/jv N j denote the magnitude of the radial velocity normalized by jv N j. Further, let q denote the angle about the center of impact, where q = 0 coincides with the downslope direction ( Figure 2 ). Then the function V(q) is (Appendix B)
where G = jv S j/jv N j $ tanb. The function V(q) provides a first-order description of how the magnitude of the drop momentum varies radially about the center of impact ( Figure 2 ). Moreover, the probability density of V is (Appendix B)
The function f Q (q) provides a first-order description of how the drop momentum becomes distributed about the center of impact ( Figure 3 ). For reference below the cumulative distribution function of f Q (q) is
In these functions G serves as a ''concentration'' factor. For G = 0, the functions V and f Q are uniformly distributed about the center of impact. With increasing G (i.e., with increasing slope), V and f Q become increasingly distributed downslope (Figures 2 and 3 ).
Grain Accelerations
[18] At the onset of lateral spreading of the drop, the spreading front begins to ''push up'' a small perimeter ridge of grains ( Figure 4 )[see also Huang et al., 1983] . This ridge propagates outward ahead of the advancing fluid front, and the ''splash'' of many grains involves ejection of those surface grains that are accelerated by grain-to-grain collisions within and ahead of this ridge. Imaging reveals that grain ejections mostly occur as drop expansion wanes. In fact, initial inward retraction of the drop (as a wetted grain mat) by surface tension starts just as grains are being launched from the ridge.
[19] The ejected grains have mostly low-angle trajectories. Grains entrained within the spreading fluid either do not detach from it, or are ejected as wetted clumps of grains; this is particularly noticeable with large drops on fine sand ( Figure 5 ). With collapse of the drop such that fluid motion is largely parallel to the sediment surface, the water surface is essentially flush with (or lower than) the sediment surface. This reflects the fact that during lateral expansion the drop entrains and transports surface grains outward from the center of the impact to form a small crater, as envisioned by Al-Durrah and Bradford [1982] . In addition, several of the videos reveal a small amount of surface dilation ''far'' ahead of the advancing fluid front (over a distance that is on the order of the radius of the impact footprint), suggesting grain-to-grain momentum transfer beneath the visible surface grains.
[20] The initial slope-parallel and slope-normal velocities of ejected grains appear to be highly correlated. Grains that are ejected from the top of the ridge (Figure 4 and Figure 6 , t = 0.004 s to t = 0.010 s) have the highest initial speeds and highest launch angles relative to the surface. Grains that make up the middle and bottom parts of the ridge undergo significant grain-to-grain collisions, and thus have lower velocities and smaller launch angles. The combination of high-angle, high-velocity grains and low-angle, lowvelocity grains leads to the distinctive inverted cone shape of the raindrop grain splash ( Figure 5 and Figure 6 , t = 0.020 s). Many more grains have low angles and low velocities than the relatively few high-speed grains ejected from the top of the ridge.
[21] For horizontal targets, ejected grain trajectories are statistically radially symmetrical. With increasing surface slope, this radial symmetry is replaced with increasingly asymmetric grain motions [Carson and Kirkby, 1972, p. 189] ; at slopes approaching 30°, few upslope displacements occur. Imaging reveals a clear initial asymmetry in the speeds of the upslope and downslope parts of the grain ridge, and in the slope-parallel launch speeds of grains. Surface-normal launch speeds are similar on the upslope and downslope sides. As described below the slope-parallel asymmetry is manifest both in the distance that grains travel and in the numbers of grains.
Splash Patterns
Horizontal Targets
[22] For dry conditions and horizontal targets, radial splash distances are approximately exponentially distributed as postulated by van Dijk et al. [2002] , but possibly with a heavy tail (Figure 7) . The small proportion of grains landing in the 0 -1 cm interval (measured from the center of impact) is partly due to censorship by the finite target size of 2 cm (thus grains landing within this interval are not accounted for), but is also partly due to the finite size of the dropimpact footprint (up to several drop diameters) over which grains are accelerated (also see discussion of the data of Riezebos and Epema [1985] by van Dijk et al. [2002] ). In addition, the occurrence of grains in the 0 -1 cm interval (with the 2-cm target) reflects that the center of impact of some drops does not coincide with the target center.
[23] Following van Dijk et al. [2002] and others [Wright, 1987; Mouzai and Bouhadef, 2003; Leguédois et al., 2005; Legout et al., 2005] the radial splash distance R is thus approximately distributed as
where r 0 is an exclusion distance and m 0 is the average distance measured beyond r 0 . Here, r 0 may be interpreted as the radius of the drop-impact footprint.
[24] For a given sand size, splash distances are similar for different drop sizes; the average distance may increase only slightly with drop size (Figure 7 ). The number of ejected grains, however, markedly increases with increasing drop size (Figure 8 ). At the two extremes, 2 mm drops produce Figure 6 . Time sequence image of grains ejected from grain ridge following drop impact, showing that grains ejected from top of ridge have highest initial speeds and launch angles, whereas grains that make up the middle and bottom part of ridge have lower initial speeds and launch angles following grain-tograin collisions; note initial corona-like splash of water (t = 0.002 s) preceding significant grain motion.
little or no movement of coarse sand, whereas 4 mm drops eject $1,800 grains of fine sand per drop. Mouzai and Bouhadef [2003] similarly observe less than a 0.5 cm change in the average displacement distance for their largest four drop sizes (D = 4.3 cm to 5.8 cm) impacting sandy soil, although the total displaced mass increases sharply with drop size. The number of detached grains per drop is highly variable. Focusing on medium sand, the (observed) number of grains per drop varies from a low of 19 to a high of 116 across all 29 drops, but no systematic variation with slope exists (Figure 9 ). Pooling the data, the average number of detached grains per drop is 72; the standard deviation is 28.
[25] Inasmuch as grain motions are initiated by the surface-parallel momentum of the spreading drop, the total mass of ejected grains should be proportional to the area A h ''swept'' by the spreading drop while possessing sufficient momentum. This is the area affected during the interval t $ D/W when the dynamic pressure P is present to drive lateral flow, and before the drop flattens to a critical thickness h where friction dominates and flow decelerates, then ceases; and A h also depends on the excess volume of water V E = V D À V I not initially infiltrated during t. If during t the fluid saucer expands to volume hA h $ V E with characteristic momentum hA h jv N j $ V E aW, then the total mass of ejected grains should be proportional to the ''excess'' momentum V E W (Figure 10 and Appendix C). Note in Figure 10 that (1) although the overall statistical fit does not significantly change between the plots of total ejected grain mass versus drop momentum V D W, and grain mass versus excess momentum V E W, the data generally collapse about a linear relation in the latter case and (2) 
Slope Effects
[26] We assume that to first order, the proportion of grains ejected within any small angular interval dq is proportional to the momentum density of the spreading drop within dq. In this case the distribution of ejected grains (Figure 11 ) should mimic the probability density f Q (q) as described by (4). Moreover, if q = 0 represents the downslope direction, the mean of the distribution of ejected grains should be centered at q = 0 and the concentration factor G should increase with slope. Data for dry medium sand compared with the cumulative distribution (5) confirm this point (Figure 12 ). Values of G estimated from these fits are consistent with the idea that G $ tanb (Figure 13 ) wherein the slope of the line relating G to tanb is $1.
[27] We also assume that the momentum (mass and launch speed) of grains ejected at angle q is on average proportional to the magnitude of the momentum of the spreading drop in the direction of q. The average total grain mass ejected is independent of slope ( Figure 9 ), suggesting that, to first order, the mean splash distance m 0 in (6) for a horizontal surface is modulated by V(q) in (3) (Appendix C). That is, the local mean m(q) is With increasing G, downslope splash distances increase at the expense of upslope distances, depending locally on the angle q. For G = 0, the local mean m(q) reduces to the mean m 0 associated with a horizontal surface, independent of q. In effect (7) provides a momentum-based description of the ''weighted average downslope splash length'' of van Dijk et al. [2002] .
[28] Combining (4), (6) and (7), the joint probability density of radial splash distance R and angle Q is
which may be considered the product of the angular frequency of grain ejection, represented by f Q (q), and the radial magnitude of grain momentum (mass and splash Figure 14) . Note that f RQ (r, q) is a probability per unit length-angle (or specifically a probability per unit length per radian).
[29] Using r = p (x 2 + y 2 ) with r > r 0 , r 0 = p (x 2 + y 2 ) with jx, yj r 0 , and drdq = dxdy[1/ p (x 2 + y 2 )] obtained from the Jacobian of [(@r/@x @r/@y) over (@q/@x @q/@y)] with x = rcosq and y = rsinq, we can transform (8) to its equivalent probability density in xy coordinates, f XY (x, y), a probability per unit area, then compute the slope-parallel marginal distribution of the splash distance X as
Using measured values of m 0 and G with r 0 = 0.5 cm for dry medium sand, numerical renditions of f X (x) reasonably mimic measured ones ( Figure 15 ). In turn the average downslope displacement m X is
which we obtain numerically.
[30] Predictions of the average displacement m X , with one exception, systematically overestimate observed values from our experiments with medium dry sand on sloping targets (Figure 16 ), based on the measured average m 0 = m 0 * À r 0 = 2.45 for a horizontal target (Figure 6 ). Assuming that in the absence of target censorship the average m 0 % 2 cm based on an exponential fit to the data over the intervals 1 -11 cm (Figure 6) , predicted values of m X more closely match observed values ( Figure 15 ). As described below the value of m X contributes to setting the overall rate of grain drift as a function of surface slope b. The value of m X , however, does not affect the form of this function. ] can be related to rainfall intensity and drop size, and for a given grain size the quantity N g is related to drop size (and moisture conditions) as described above.
Transport Rate and Surface Slope
[32] In turn, the effect of surface slope on grain transport enters the formulation via the concentration factor G $ tanb, inasmuch as G modulates how, during impact, the momentum of a drop becomes distributed over the angle q according to (4) and (7). This formulation otherwise contains only one parameter describing grain motions, the average radial splash distance on a horizontal surface, m 0 . To view the effect of surface slope on transport, it is therefore convenient to form the ratio m b = m X /m 0 . Numerical evaluations of (10) suggest that m b increases with surface slope as a weakly nonlinear function, although it is effectively linear up to $30°(tanb = 0.58) (Figure 17 ). Using this result we write q N = N D N g m 0 K b tanb, where K b is the (dimensionless) rate of increase in m b with tanb for given average radial distancem 0 (Figure 17) .
[33] Letting x 0 denote a horizontal coordinate axis that is positive in the downslope direction, the average displacement with respect to x 0 is m X cosb, so nowm b = m X cosb/m 0 increases with slope as a nonlinear function (Figure 17) , and the grain flux parallel to x 0 is cosbN D N g m 0 K b tanb. We may generalize this result to
Here q s = iq sx 0 + jq sy [L 2 t À1 ] is a volumetric flux per unit contour length with components q sx 0 and q sy ,
] is a transport coefficient where
] is the individual grain volume, z is the local land surface elevation, and r = i@/@x 0 + j@/@y. As an example, for a rainfall intensity of 10 mm hr À1 involving 3 mm drops splashing on average 72 medium, dry sand grains per drop [34] Effects of raindrop properties (intensity, size distribution, kinetic energy) are examined further separately. We reemphasize that the work here is limited to dry sand conditions. Moreover, our experiments with sticky paper targets exclude the possibility that splashed grains might bounce upon landing, an effect we observed in experiments without sticky paper. We expect that such bouncing would increase average displacements, particularly with increasing slope.
Discussion and Conclusions
[35] It is well appreciated that grain detachment and splash generally increase with drop size in relation to drop momentum or kinetic energy. Nonetheless there is continuing debate regarding the relative performance of these and other quantities (for example, drop pressure and rain intensity) in predicting detachment [Salles et al., 2001] . In seminal work on this topic, Sharma and Gupta [1989] and Sharma et al. [1991] plot and statistically fit detached grain mass versus both momentum and kinetic energy. They note that the fits (and R 2 values) are similar, and then state: ''Since KE is predominantly used as an erosivity parameter in raindrop erosion modeling, our discussion henceforth will only consider KE-based relationships'' [Sharma et al., 1991, p. 305] . Indeed, the plots of detached grain mass versus momentum and grain mass versus kinetic energy for the loamy sand to clay soils reported by Sharma et al. [1991] suggest that linear fits between detached mass and momentum (involving a threshold momentum value) are at least as good, if not better, than fits between detached mass and kinetic energy. Salles et al. [2001] point out that experimental splash data typically are not sufficiently precise to distinguish between these alternatives, and report that for both sand and silt loam, linear fits between detached grain mass and drop momentum, and between grain mass and kinetic energy, are not statistically different. Likewise, our data do not suggest a significant difference in linear fits between detached grain mass and momentum ( Figure 10 ) and between grain mass and kinetic energy (not plotted), likely because the data span an insufficient range in drop momentum (or kinetic energy). Indeed, a simple scaling analysis (Appendix C) suggests that such plots ought to be nonlinear, as the slope of the physical relationship between ejected grain mass and either momentum or kinetic energy implicitly contains a characteristic (unmeasured) grain speed that varies with momentum or kinetic energy.
[36] Within this context, our imaging of drops landing on targets of different sizes of sand and on a high-permeability porous stone suggests that initial infiltration during impact [Mihara,1952] modulates the relation between the mass of detached grains and drop size. Namely, for small drop-tograin size ratio R 0 = D/d, significant infiltration can occur during impact due to the high dynamic pressure that momentarily exists during the small time interval t $ D/W ( Table 2 ), such that the drop mass involved in lateral spreading is smaller than would otherwise occur. With large R 0 , the permeability of the sand limits infiltration during t and proportionally more drop mass accelerates laterally. Inasmuch as the lateral momentum of the spreading drop is responsible for grain ejection, then the improved linear relation between the ejected grain mass and the momentum of the excess drop volume not infiltrated during t, in comparison with the total drop momentum (Figure 10 ), is consistent with this point. Moreover, for small ratio R 0 an effect of infiltration is to contribute, in addition to effects of grain cohesion [Sharma and Gupta, 1989; Sharma et al., 1991] , to the presence of a threshold momentum needed to initiate grain detachment.
[37] For horizontal targets the average radial splash distance m 0 * may increase only slightly with drop size (and momentum) for a given grain size (Figure 7) . Inasmuch as the total mass of ejected grains increases with drop momentum, then for an exponential (or any other) distribution of splash distances the number of grains displaced to all distances from the center of impact must also increase with drop momentum, although the proportions of grains at all distances remain similar [e.g., Mouzai and Bouhadef, 2003] . Thus, assuming that splash distances increase with grain speeds (Appendix D), the average distance m 0 * is an insensitive measure of the partitioning of drop momentum into grain speed versus total grain mass for drops impacting a horizontal surface over the range of momentum encompassed in our experiments. We also note that target censorship, wherein the proportions of grains in the lowest intervals are underrepresented (Figure 7) , may contribute to the absence of significant differences in the dependence of average splash distance on drop size. This censorship occurs because grains that are displaced, but not ejected out Figure 12 . Plots of cumulative angular data (solid circles) with fitted theoretical cumulative probability functions (lines). Downslope corresponds with q = 0. of the target area onto the sticky paper, are not measured by our imaging techniques.
[38] Our imaging suggests that, following a corona-like fluid splash lasting less than 0.002 s, laterally accelerating water pushes up a small perimeter ridge of grains. This ridge propagates outward ahead of the advancing fluid front at speeds of less than 1 m s
À1
, and the ''splash'' of many grains involves ejection of those surface grains that are accelerated by grain-to-grain collisions within and ahead of this ridge. The remnants of such ridges, moreover, are the rims of the familiar impact craters associated with raindrop imprints on granular material.
[39] The theoretical formulation for grain ejection assumes simply that, for a given drop size and grain size, the proportion of ejected grains within any small azimuthal angular interval dq about the center of impact is proportional to the momentum density of the spreading drop within dq, and that the momentum (mass and launch speed) of ejected grains at angle q is on average proportional to the magnitude of the momentum of the spreading drop at q (Appendix C). Then, the resulting distribution of grains about the impact center in effect obtains as a frequencymagnitude product. This formulation therefore suggests that the asymmetry contributing to downslope transport (drift) of grains consists of two parts. The first part involves quantity: more grains move downslope than upslope with increasing surface slope. The second part involves distance: on average grains move farther downslope than upslope. This is partly a geometrical effect due to asymmetry in the travel distances arising from the geometrical truncation of parabolic grain trajectories; but it is primarily due to the radial variation in the surface-parallel momentum of the spreading drop (Appendix D).
[40] The formulation suggests that the average downslope displacement of grains increases with surface slope as a weakly nonlinear function, although it is effectively linear up to $30° (Figure 17) . The average displacement measured with respect to a horizontal axis increases nonlinearly with surface slope by a factor involving the cosine of the slope (Figure 18 ). Our experiments with sticky paper targets, however, exclude the possibility that splashed grains in the experiments might bounce upon landing. We expect that such bouncing in nature would increase average displacements, particularly with increasing slope. Nonetheless, an attractive feature of the formulation is that, for a given drop size and grain size, grain motions are summarized by Figure 14 . Contour plots of Cartesian transform of joint probability density f RQ (r,q) with concentration factor G = (top left) 0, (top right) 0.2, (bottom left) 0.4, and (bottom right) 0.6 using exclusion distance r 0 = 0.5 (white circles) and m 0 = 2.5 cm. Downslope (q = 0) is to right. Figure 15 . Measured histograms and simulated probability densities (lines) representing the marginal distribution f X (x) based on data for 3 mm drops on medium sand. Double peaks arise from the exclusion distance r 0 = 0.5 cm.
one key parameter, the average radial splash distance on a horizontal surface, m 0 . The effect of surface slope independently enters the formulation via the concentration factor G $ tanb. Moreover, drop size and intensity explicitly enter the problem via their effects on grain activation (i.e., the number of grains ejected per drop, N g , and the number of drops per unit area per unit time, N D ), analogous to the ''splash detachment rate'' of van Dijk et al. [2002] .
[41] We reiterate that our work here focuses on dry sand conditions. Whereas we anticipate that ingredients of the formulation will equally apply to moist sediment conditions, certain details (for example grain detachment numbers and splash distances) should be considered as applying to the behavior of sand transport early in a storm before the surface is significantly wetted, absent any effects of surface water ponding or flow [e.g., Wan et al., 1996; Terry, 1998; Goa et al., 2003] , or effects of wind on drop and splash trajectories [e.g., Moeyersons, 1983; de Lima, 1989; de Lima et al., 1993; Wright, 1986; Erpul et al., 2002 Erpul et al., , 2003 Warburton, 2003 ].
Appendix A: Drop Fall Speed
[42] The motion of a spherical drop with density r and nominal diameter D falling with speed W in air with density r a is given by
Here C D is a coefficient of drag that varies only as a function of the Reynolds number, Re = DW/u ( Figure A1 ) [Edwards et al., 2001] , where u is the kinematic viscosity of air. Momentarily assuming that C D % const for fully turbulent conditions that ensue soon after the drop is released, then for W = 0 at t = 0, the solution of (A1) is
where the terminal fall speed W t is For vertical z coordinate and W = dz/dt, integrating (A2) with respect to t and solving for z p , the fall distance at which the ratio (W/W t ) p = p, yields a surprisingly simple result:
The fluid density ratio r/r a % 830, so to achieve 90% of terminal speed (i.e., p = (W/W t ) p = 0.9), (A4) yields
The coefficient of drag C D varies with drop size (for example, increasing with D^3 mm as a drop loses sphericity due to drag). Mason [1957] estimated values of C D % 0.52, 0.50 and 0.56 for drops with D = 2 mm, 3 mm and 4 mm, respectively. Thus, according to (A5) a 2 mm drop requires 3.5 m to reach 90% of its terminal fall speed; a 3 mm drop requires 5.5 m, and a 4 mm drop requires 6.6 m. Using (A4), to achieve p = 0.95 requires z p % 5.0 m, 7.7 m and 9.2 m, and to achieve p = 0.99 requires z p % 8.3 m, 13 m and 15 m for 2 mm, 3 mm and 4 mm drops, respectively.
[43] We present (A4) and (A5) because of their simplicity as a guide in designing rain splash experiments, an issue raised by van Boxel [1998] . An improved estimate of z p obtains as follows. Because the drag coefficient varies during the initial part of the fall of a drop, we solve (A1) numerically using Stokes relation, C D = 24/Re (Re 0.1) together with values of C D from the empirical relation, logC D = a 0 + a 1 logRe + a 2 (logRe) 2 + a 3 (logRe) 3 + a 4 (logRe) 4 + a 5 (logRe) 5 (0.1 < Re < 5,000), with a 0 = 1.44, a 1 = À0.915, a 2 = 0.101, a 3 = 0.0451, a 4 = À0.0347 and a 5 = 0.00689 ( Figure A1) . Results suggest that a 2 mm drop requires 3.7 m to reach 90% of its terminal fall speed; a 3 mm drop requires 6.1 m, and a 4 mm drop requires 6.6 m, values that are close to those obtained from (A5).
[44] Turning to our experiments with the sticky paper targets, these involved a fall distance of $5 m. Numerical calculations for z = 5 m using the polynomial fit above suggest that W/W t % 0.95, 0.89 and 0.86 for 2 mm, 3 mm and 4 mm drops, respectively. (Terminal fall speeds to two significant digits are 6.5 m s
À1
, 8.1 m s À1 and 8.8 m s À1 for 2 mm, 3 mm and 4 mm drops, respectively [Foote and DuToit, 1969; Gunn and Kinzer, 1949] Figure 2) , we denote the magnitudes v N = jv N j, v S = jv S j and v = jvj, then start with the following identities and definitions:
Using (B1) to eliminate b, a and c, algebra then gives
Dividing by v N 2 and letting
with G = v S /v N . Solving this quadratic for V and using the identity that sin
which is (3) in the text. [46] The probability density f Q (q) of V(q) is obtained as follows. The small area dA q within a small azimuthal angle dq is dA q = ( 1 = 2 )V 2 dq. The total area A q from Àp to p is therefore
which, because of the dimensionless form of V, gives A q = p. The cumulative distribution function F Q (q) of f Q (q), starting from q = Àp, is
Substituting (B4) into (B6) and evaluating the integral gives (5) in the text. In turn, the probability density function f Q (q) = dF Q /dq, which gives (4) in the text.
Appendix C: Relating Ejected Grain Mass and Speed to Drop Momentum
[47] Consider Newton's second law applied to a mass m s of grains ejected during impact:
Here, F is the force applied to the grains to accelerate them from rest and v is a characteristic grain speed. For the purpose of order-of-magnitude scaling, we rewrite (C1) as
so that the right side is an impulse.
[48] The force F in (C2) is supplied by the lateral acceleration of the drop. Conservation of momentum for the spreading drop with horizontal radial coordinate r requires that
where u is the fluid speed parallel to r, and F r denotes the resisting forces of friction and surface tension per unit mass. Fluid acceleration is driven by the pressure term in (C3), and therefore early in the spreading motion this must be the dominant term. This means that the (early) lateral drop acceleration can be scaled as (1/r)P/D, where
is the dynamic pressure during impact. In turn we scale
where rV E is the excess drop mass. The interval Dt scales with the duration of the impact. That is, Dt $ t $ D/W. Substituting these expressions into (C2) then gives
where g is a dimensionless coefficient that characterizes the nonconservative transfer of momentum from drop to grains. Inasmuch as the change in speed Dv is approximately constant, (C4) suggests that the mass of ejected grains m s is proportional to the excess drop momentum rV E W (Figure 10 ).
[49] We now assume that Dv scales as m 0 */dt, wherem 0 * is the average (radial) grain displacement for a horizontal surface, and dt is a short unspecified interval. Thus
Plotting m s m 0 * versus rV E W ( Figure C1) Figure C1 ) is associated with drop mass, rV E , because the drop speed, W, varies less than 20% (620 to 760 cm s
À1
). According to (3), in contrast, in the downslope direction (q = 0) the dimensionless magnitude V increases by nearly 40% at a slope of b = 20°, by nearly 60% at b = 30°, and by 100% at b = 45°. Moreover, according to (4), most of the surface-parallel momentum of the spreading drop is centered about the downslope direction. Inasmuch as this momentum accelerates surface grains in forming a perimeter ridge, then we assume part of this momentum is partitioned into the ridge speed and grain-to-grain collision speeds that set the local mean displacement m(q) = m 0 V(q).
[51] To further clarify the significance of plots of ejected grain mass versus momentum, and grain mass versus kinetic energy (Figure 10 ) [e.g., Sharma and Gupta, 1989; Sharma et al., 1991; Mouzai and Bouhadef, 2003] , it is relevant to consider an hypothesis involving conservation of energy, in which case, analogous to (C4), Figure C1 . Plot of product of total grain mass ejected per drop m s and average grain displacement m 0 * versus excess drop momentum rV E W for data involving three drop sizes and three grain sizes on horizontal targets; compare with Figure 10 .
A plot of ejected grain mass m s versus kinetic energy (
If the characteristic grain speed v generally increases with the kinetic energy of the drop, then with g$ const the slope of this relation, g/v 2 , decreases with increasing kinetic energy, consistent with the characteristic convex upward form of the fitted lines reported by Sharma et al. [1991, Figures 1 and 2] and by Mouzai and Bouhadef [2003, Figure 3] . Alternatively, forming the ratio of grain mass to drop mass,
In a plot of m s /(rV E ) versus kinetic energy, according to (C8) the slope g/(v 2 rV E ) must decrease with increasing kinetic energy, and the rate of decrease should increase with drop mass, consistent with the results of Sharma and Gupta [1989, Figure 3] . Finally, rearranging (C4), a plot of ejected grain mass versus momentum is like
Inasmuch as Dv increases with drop momentum, then over a sufficient range of momentum (and Dv) the slope of this relation, g/(2Dv), should decrease with increasing momentum [Sharma and Gupta, 1989, Figure 2b] . We suspect that our analogous plot ( Figure 10 ) does not cover a sufficient range of momentum (and Dv) to display this change in slope. We also note that the coefficient g may vary with drop momentum or kinetic energy.
Appendix D: Ballistic Trajectories and Transport
[52] The geometrical effect that surface slope has on grain splash distances, and the contribution to downslope transport due to asymmetry in these distances arising from the geometrical truncation of parabolic grain trajectories, can be described by the idealization of radially uniform grain trajectories (launch angles and speeds, and numbers of grains) about the drop impact. Consider a grain ejected from the surface with initial velocity magnitude v 0 at an angle 8 relative to the surface with slope angle b. Let z momentarily denote the coordinate of a grain in a direction normal to the surface, and let r denote the radial coordinate of the grain in a direction that is parallel to the initial direction of its trajectory. Let q denote the angle in the surfaceparallel plane between the downslope direction (q = 0) and r. In this formulation we make the approximation that q does not change during the trajectory of the grain, which is reasonable for 8 ] 30°. The components g r and g z of the gravitational acceleration g acting on the grain are 
The ballistic equations in the r and z directions are then r ¼ v 0 cos 8t þ g 2 sin b cos qt 2 and z ¼ v 0 sin 8t À g 2 cos bt 2 :
The z component in (D2) is satisfied for z = 0 when t = 0 and when t = T, the total grain travel time. Thus
Letting r = R when t = T, the r component in (D2) together with (D3) lead to 
Incorporating the exclusion distance r 0 , and assuming a radially uniform distribution of numbers of grain trajectories about the impact, the average downslope displacement is obtained as
Note that the exclusion distance r 0 factors out of this result.
The average horizontal displacement m X cosb is obtained by multiplying (D5) by cosb, whence
[53] Measured from successive high-speed images, relatively large values of v 0 and 8 for medium sand grains ejected during drop impact ( Figure 6 ) are v 0 % 45 cm s À1 and 8 % 30°. Using (D6) these values give m X cosb/m 0 % 0.2tanb with m 0 % 3 cm, a relation that falls nearly an order of magnitude below the curves in Figure 18 . Because most grains are ejected at smaller speeds and angles, actual values of the average displacement based on (10) are likely to be at least one, and possible two, orders of magnitude larger than the average given by (D5). Thus downslope transport due to asymmetry in splash distances arising from the geometrical truncation of parabolic grain trajectories occurs, but is small. We also note that most grains are launched from the perimeter grain ridge at near zero 8. In this case the travel time T is independent of v 0 and depends only on the initial height on the ridge from which the grain is launched. In turn the displacement distant R is proportional to v 0 rather than v 0 2 .
[54] In addition to differences in (10) and (D5) that are due to the asymmetry of grain trajectories (both distances and numbers), the exclusion distance r 0 also plays an important role. With radial symmetry in the number of trajectories, r 0 does not figure into the average downslope displacement, (D5), as the proportion of grains displaced upslope and downslope is equal, and only differences in splash distances matter in determining m X . With radial asymmetry in the number of trajectories, in contrast, a higher proportion of grains is displaced downslope and, by definition, beyond the finite distance r 0 (Figure 14) . ]. f X (x) slope-parallel marginal probability density function of splash distance X [L
À1
]. f XY (x,y) joint probability density function of splash distances X and Y [L
À2
]. f Q (q) probability density of dimensionless velocity magnitude V(q) f RQ (r,q) joint probability density function of splash distance R and trajectory angle 
